Irritable bowel syndrome (IBS) is a poorly understood disorder characterized by persistent symptoms, including visceral pain. Studies have demonstrated oral microbiome differences in inflammatory bowel diseases suggesting the potential of the oral microbiome in the study of nonoral conditions.
Introduction
Irritable bowel syndrome (IBS) is a syndrome characterized by chronic, persistent symptoms, for which treatment outcomes are notoriously inconsistent. 1 Integral to the symptom criteria and severity of IBS are chronic visceral pain, visceral hypersensitivity, and altered bowel habits. It is thought that the microbiome plays an integral role in IBS 2 and is an important target of intervention to relieve IBS symptoms. 3 Microbiome research in gastrointestinal (GI) disorders and diseases, including IBS, usually use stool or GI mucosa (collected via biopsy) as the primary substrates in which the microbiome is characterized and described. General trends among several GI conditions, such as inflammatory bowel disease (IBD) and IBS indicate a tendency toward decreased microbial richness (i.e. number of OTUs or phylotypes in a community) and diversity (i.e., variation in community structure) and differences in the abundance of certain microbes. 2, [4] [5] [6] [7] Interestingly several studies have described similar trends and differences in the richness and abundance of the oral microbiota in inflammatory GI conditions [8] [9] [10] as well as non-oral-non-GI diseases. 11, 12 Microbiota in the oral cavity are exposed to regular physical and chemical process (e.g. when ingesting different foods and beverages, or brushing and flossing), these regular environmental perturbations has resulted in a relatively robust and stable microbiome.
within and between individuals 17 than the microbiome from other body regions, including the gut.
14 A comprehensive comparison of microbial communities across different body sites, including the oral cavity and the gut, found that microbial community types of the mouth and the gut were predictive of each other. 18 This association does not suggest that the oral cavity harbors the same bacteria as the colon, but that perturbations in the intestinal or colonic bacterial communities are reflected in oral bacterial communities. 18 This phenomenon has been further demonstrated in an animal model of colitis. 9 Disease associated perturbations in the oral microbiome could be significant as an indicator or diagnostic of systemic dysbiosis and/or specific pathological conditions or risks. Oral health 19 and variation in the oral microbiome 20 has been associated with several disease conditions, including IBD (n D 114 and 59), 8, 10 colitis (n D 102), 9 celiac disease (n D 26), 21 obesity (n D 543), 22 leukemia (n D 26), 23 arthritis (n D 44), 19, 24 and in atherosclerosis (n D 30) 25 the abundance of certain oral microbial taxa was correlated to plasma cholesterol levels. 25 Evidence shows that successful periodontal treatment, and by inference the restoration of a healthy oral microbial ecology, improves endothelial function, 26, 27 systemic inflammation, 26 and glycemic control 28 related to non-oral conditions. 29 This suggests that acute, and perhaps subtle, perturbations in the oral microbiome may have systemic effects 11 or be sensitive to systemic dysregulation of the host's biology. Although, perturbations in the gut microbiome in IBS have and continue to be described, 5, [30] [31] [32] oral microbial perturbations in IBS, and microbial variation in relations to symptom severity remain largely unexplored, although associations between fecal microbes and pain 33 and flatulence severity in IBS patients have been reported. 32 It remains unclear how the oral microbiota may affect systemic and/or non-oral biology and pathology. Oral microbes are capable of producing toxic and mutagenic metabolites (e.g., alcohol to acetaldehyde) 34 to which the oral and GI tract is exposed. Oral bacteria can colonize distant GI sites, 11 or translocate across the epithelial barrier to colonize and infect non-oral systems or organs (e.g. joints and heart). 12 Microbes could also directly modulate host inflammatory and cell signaling pathways as a ligand source. 35 Regardless of the exact mechanisms linking the oral microbiome with the gut microbiome and host biology; a growing body of research indicates that the oral cavity is a potential source of microbiome information relevant to non-oral conditions, including IBS. In cases where patients may be uncomfortable with providing stool samples or unable to provide a stool sample at the time of a consultation, or when biopsies represent an unnecessary risk or expense, oral substrates may be a useful minimally invasive source of microbial information with diagnostic potential. Here we perform a preliminary and exploratory analysis, to assess whether the oral microbiome differs between participants with IBS and healthy controls, as has previously been demonstrated in studies of IBD, [8] [9] [10] and whether variation in oral microbes relate to symptom severity, specifically visceral sensitivity and pain. Specifically we compared the buccal mucosa adherent microbiome of participants with IBS to healthy controls and compared the results to previous studies linking the oral microbiome to GI conditions and to the general IBS microbiome literature. We focus specifically on the resident oral mucosa adherent microbiome which is intimately associated with the host epithelium and likely interacts directly with the host's biology. 36, 37 We also recognize that IBS is a symptom defined condition and symptom severity may differ widely among individuals with IBS. The variation in the severity of IBS symptoms may provide a more nuanced interpretation of biological data than symptom categories. We therefor also examine whether the oral microbiome varies with the severity of IBS symptoms, specifically visceral pain, which we induce through an experimental protocol. Differences in the oral microbiome related to IBS and IBS symptom severity would suggest the potential of the buccal mucosa adherent microbiome as a source of information in the study of, diagnosis of and even the treatment and monitoring of IBS and related functional GI disorders. The results of our investigation provide the basis for future research aimed at expanding research on the oral microbiome in functional GI disorders and symptoms. (Fig. 1) . Overweight IBS participants reported significantly higher IVP scores than healthy weight IBS participants (MWU: P D 0.02, Fig. 1 ). IVP did not differ among IBS subtypes, or between the sexes, nor did the interaction between sex and weight or IBS yield significant differences in IVP (MWU and KW, P > 0.05). Age also did not explain variation in IVP (Pearson's correlation, P > 0.05). Fig. 4 ).
Results

Severity of induced visceral pain (IVP)
Microbiome and pain severity
Microbial richness and abundance in IBS and body weight
PCoA of unweighted and weighted UniFrac distances based on all OTUs did not show clear differentiation between bodyweight, IBS, IBS-subtype. The IBS-overweight category did show some separation along the first 2 PCoA axes of PCoA analyses of both unweighted and weighted UniFrac distances. PCoA identified the healthy control number 25 as an extreme outlier. Comparisons among categories using the weighted UniFract dissimilarity matrix and the ADONIS method to test for differences among categories found that the IBSoverweight group differed significantly at the P < 0.1 level (weighted UniFrac distance matrix, ADONIS, P D 0.084) from all other groups combined. No other significant or near significant divergence in overall bacterial community richness (unweighted UniFrac) or abundance (weighted UniFrac) distance metrices between categories were observed.
Over all bacterial richness (i.e. number of OTUs) did not differ between categories (sex, body weight, IBS, IBS x body weight and IBS-subtype) or correlate with the severity of IVP. However analysis of the top 10 richest taxa at the genus, family, order, class and phylum level revealed specific taxa that differed between healthy weight (n D 19) and overweight groups (n D 19) (Fig. 5) , and the interaction between IBS and body weight (Fig. 5) , while variability the richness of other taxa correlated with IVP severity (Fig. 4) . Members of an unclassified genus of Proteobacteria, the genus Pseudomonas (Welch test, FDR corrected P D 0.01), an unclassified family of Proteobacteria, the family Pseudomonadaceae, (Welch test, FDR corrected P D 0.015), an unclassified class of Proteobacteria and the class Gammaproteobacteria (Welch test, FDR corrected P D 0.01), the phylum Proteobacteria (Welch test, FDR corrected P D 0.005) were detected at significantly lower proportions in overweight individuals. OTUs of the family Veillonellaceae were proportionally over represented in Table 2 ) between healthy controls and IBS participants. PCoA of the weighted UniFrac distances computed from these 56 OTUs showed moderate separation between IBS and HC groups, and between IBS-body weight groups along the first 2 PCoA axes (Fig. 7) . Group comparisons using the weighted UniFrac distances found significant differences between IBS (n D 19) and HC (n D 19) groups (ADONIS, P D 0.003) and among IBS-bodyweight groups (ADONIS, P D 0.01). The IBS overweight group (n D 10) differed significantly from (ADONIS, P D 0.039) all other groups combined.
Further analysis focusing on the IBS overweight group found 74 OTUs differed significantly (Welch test, P < 0.05, not FDR adjusted, Fig. 6b , Supplementary Table 3 ) in abundance between IBS overweight participants and healthy controls. The abundance of these 74 OTUs was used to compute a weighted UniFrac distance matrix. PCoA of the matrix shows both the healthy weight healthy controls and IBS overweight groups as distinct clusters separated along the y-axis (Fig. 8) . Overweight healthy controls and healthy weight IBS participants do not differentiate from each other and show substantial overlap with the healthy weight healthy controls. ADONIS tests further reveal that significant differences exist between IBS and healthy controls (ADONIS, P D 0.005), and among IBS-bodyweight groups (ADO-NIS, P D 0.003). Specifically the IBS overweight group (ADONIS, P D 0.002) differ significantly from all other groups combined. Comparisons of a diversity found no differences.
Discussion
Overweight IBS participants in our study reported significantly more severe pain in response to the gastrointestinal test solution, and those healthy controls that reported IVP tended to be overweight individuals. Being overweight is a known risk factor for a broad range of pain conditions 38, 39 including visceral pain. The severity or sensitivity to pain has previously been positively associated with BMI. [40] [41] [42] These initial findings indicated that a weight effect may be present throughout our subsequent analyses.
Specifically, overweight individuals that also suffered from IBS reported the highest pain intensity in response to the test solution, followed by healthy weight participants with IBS. Healthy controls reported the least or no pain in response to the test solution. This IBS-overweight mediated pain gradient intensity was significantly correlated to a number of oral bacterial taxa identified from the buccal mucosa. Overweight IBS participants either had very high or very low abundances (and sometimes richness) of IVP correlated microbes (Figs. 3 and 4 ). An increased abundance of a Desulfobacterium sp., a Prevotella sp., Dialister invisus and Mycoplasma hominis were associated with IBS and IVP severity. The oral abundance of members of sulfate reducing bacteria (e.g., Desulfobacterium) have been previously associated with gastritis and periodontal disease, 43 while fecal overabundance is associated with IBD. 44 Elevated abundance of Prevotella 45 and members of the Veillonellaceae (Dialister sp.) 6, 46 are known in patients with IBS. 47, 48 Members of these taxa are also known to be overexpressed in the oral substrates of individuals suffering from IBD. 10 A Ruminocaccaceae OTU was also positively associated with IVP severity; fecal members of the family have also been positively associated with abdominal pain frequency and intensity in IBS. 32, 33 We find a strong positive correlation between Mycoplasma hominis and pain severity, this microbe is not usually associated with GI conditions but has been positively associated with several pain and inflammatory conditions such as fibromyalgia, pelvic inflammatory disease and arthritis. 49 The majority of microbial associations with IBS and IVP were negative. Decreased abundance could be observed at higher taxonomic groupings (e.g. Order and Family) suggesting a trend of lowered abundance across many OTUs. Members of the order Bacillales, in particular the genus Bacillus are well known as probiotic organisms and are used in the treatment of IBS. 50 Gemella sanguinis has been described at lower abundances in the oral mucosa of patients with Crohn's Disease, 10 whereas the bacterium Actinobacter viridans is known to have probiotic properties, 51 ,52 the abundance of these microbes co-vary negatively with pain severity. It is also interesting to note decreased abundance in a relatively large number of Lachnospiraceae, other members of the Clostridiales order, and unclassified Bacteroidetes OTUs in relation to IVP severity. Fecal Lachnospiraceae and unknown Bacteriodes OTUs have previously been found to negatively associate with the frequency of recurrent abdominal pain in IBS. 33 Similar decreases in butyrate producing phylotypes have been described in IBS. 32, 46 The Clostridiales contain an abundance of short-chain-fatty-acid (SCFA) producing members, particularly microbes that produce butyric acid. [53] [54] [55] Butyrate is known to have protective anti-inflammatory and anti-cancer effects. 56, 57 Categorical comparisons of microbial richness and abundance yielded less robust differences between participants with IBS and healthy controls. Body weight, specifically being overweight remained a significant driver of categorical differences in the microbiome but the interaction of this variable reduces statistical power and results should not be over interpreted. Our analyses found that the IBS-overweight group was often the most distinct in its microbial makeup from all other groups. In analyses of microbial distance metrices (weighted UniFrac) the interaction between bodyweight and IBS was a significant factor explaining the distribution of individuals relative to one another. Overweight participants appeared to exhibit decreased richness in key taxa. The phylum Proteobacteria, in particular the class and members (Family: Pseudomonadaceae, genus: Pseudomonas) of the class Gammaproteobacteria showed decreased richness in the overweight cohort, while a greater richness of OTUs and abundance of specific OTUs (Dialister sp, Megasphaera sp.) belonging the family Veillonellaceae was observed in overweight group. Proteobacteria in the gut has been shown to decrease in response to high fat diets 58 and the Gammaproteobacteria have been found to increase with weightloss. 59 This pattern is recapitulated in the oral cavity where Proteobacteria appear to be more abundant in the saliva of healthy individuals than overweight individuals, 60 which is congruent with our findings in oral mucosa. An increased relative abundance in oral 22, 61, 62 and gut 63 Veillonellaceae is associated with increased carbohydrate and fat consumption, and obesity. The observed overabundance of Prevotella sp (gut Prevotella associated with high carbohydrate and simple sugar diets) 64 and Treponema sp. (oral Treponema sp associated with simple sugars) 65 and decreased abundance of Gemella sp. in overweight participants in our study has also previously been described.
22,66
Although we do not have detailed dietary information for paticipants; inferring high-fat-high-carbohydrate diets for overweight participants based on differential microbial expression is consistent with diet-microbiome/obesity-diet associations reported in the literature. Similarly the observed oral overabundance in OTUs belonging to the Prevotella, 33, 47, 48, 67 Bacteriodetes, 68 decreased abundance of Microbacteriales, Micrococaceae (Fig. 2) , Corynbacterium, Propionibacterium, Oxalobacteraceae 68 ( Fig. 6a and b, Supplementary Table 2 ) and Lachnospiraceae in IBS has also been observed in fecal samples in IBS. Some incongruence between oral and gut microbiota are to be expected as the oral bacteria differ in aspects of taxonomy, environment and function from those in the gut, non-theless the observed IBS associated differences in the oral microbiome are similar to those observed in the gut.
Furthermore, our results indicate an interaction between weight and IBS. Overweight IBS participants had the most distinct oral microbiome and microbial differences, presenting microbial characteristics of both obesity and gastrointestinal diseases such as IBD. The metabolic and inflammatory dysregulation associated with unhealthy body weight and associated highfat-high-carbohydrate diets could result in/or compound hypersensitivity, hyperalgesia and other IBS symptoms, resulting in a mosaic-overweight-IBSmicrobial difference. Studies specifically designed and powered to research this association are needed to better understand microbial perturbations. The oral microbiome may also reflect the effects of other systemic processes, such as sub-clinical inflammation, which has previously been suggested in IBS, or even be the source of GI dysbiosis and symptoms. 20 Regardless of the mechanism driving the observed microbial differences and variation, and their association with symptom severity, IBS and obesity; the buccal mucosa appears to provide condition relevant microbial information.
Notwithstanding the relatively small sample sizes used, our results find that oral buccal mucosal microbiome reflects differences in the microbial ecology of participants with IBS that are overweight. These results emphasize the importance of bodyweight as a factor determining microbial composition and abundance, and perhaps should be considered a significant factor in defining IBS phenotypes and symptom severity. We also show that symptom severity is an important nuance which may help explain variation in the biology underlying IBS. Our study aimed to assess the potential of the oral microbiome, specifically the buccal mucosal adherent fraction, as a source of microbial information relevant to IBS. Our preliminary results suggest the oral microbiome is indeed a promising source of microbial information relevant to the study of IBS, obesity and related symptom severity. The research reported here will be expanded upon to examine the generalizability of the observed patterns.
Although promising, the current investigation has several limitations and our results should be interpreted within these constraints. The current study was designed as an initial assessment and is underpowered to control for/and take all sources of microbial variation into account.
However, unlike the gut microbiome the oral microbiome appears to be more stable and less variable within and between individuals over time. [13] [14] [15] [16] It remains to be examined how responsive the oral microbiome is to transient phenomena (e.g., eating certain foods, oral hygiene etc.) and how this may affect sampling strategies. We speculate that given the oral microbiomes unusual stability (compared to the gut microbiome) and the adaptation of oral biofilms to regular physical and chemical perturbations that it is less sensitive than other GI communities. None-theless, interpretation of the oral microbiome, as with the gut microbiome, is complicated by a range of anthropogenic confounders (e.g. socio-economic and culturally mediated dietary or hygiene preferences etc.) which should be controlled for as far as is possible, and considered in data analysis and the interpretation of results. The results of this study forms the basis of ongoing research where sample sizes will be expanded and contributing sources of variation can be better understood. Several studies have shown simultaneous dysbiosis of the microbiome, or covariation of the microbiome between different substrates from different anatomical regions of the body, [69] [70] [71] including comparisons of the oral and GI microbiome. 9, 18 The nature and cause of these observations remain poorly understood. We endeavor to collect both fecal and oral samples for future comparisons to better understand if and how the microbiome of these 2 substrates co-varies in IBS. Notwithstanding these limitations, we are encouraged by our results which recover microbial associations with IBS and bodyweight congruent with the results of previous reports, as well as robust novel associations with symptom (visceral pain) severity.
Our findings contribute to a growing body of evidence that the oral microbiome reflects differences associated with GI and other non-oral conditions. [8] [9] [10] [11] [12] 26 The oral microbial associations we describe are largely concordant with existing reports of IBS and bodyweight related microbial associations based on observations in stool and GI biopsies. Collection of GI mucosal biopsies is invasive, can be costly, and usually require colonic cleansing, which itself could exacerbate GI symptoms, or may not be indicated in for diagnosis of IBS. Colonic cleansing itself may alter the observed microbiome, whereas stool samples may only poorly reflect the mucosal adherent microbial fraction. Alternative non-invasive, cheap, low risk substrates such as the oral mucosa could play an important role in the microbial characterization, treatment, and monitoring of IBS, associated symptoms and other functional GI conditions. 72 
Materials and methods
Study participants
Healthy controls (HC, n D 20) were defined as individuals who did not report any GI symptoms and had no known organic disease. IBS participants (n D 20) were individuals who suffered from chronic visceral pain and altered bowel habits for more than 6 months for which no organic cause had been identified (Rome III). 73 Based on these information, participants were subtyped as IBSdiarrhea (IBS-D, n D 7), IBS-constipation (IBS-C, n D 9) or IBS-mixed (IBS-M, n D 4). Study participants and healthy controls were as closely matched as possible for gender, race, age, and weight. Participants were classified as normal weight or overweight based on their body mass index (BMI). All IBS participants and HCs were resident within the greater Washington, DC area, which includes surrounding suburbs in Maryland and Virginia. Volunteers that tested positive for active Helicobacter pylori and/or Clostridium difficile infections were excluded from this study. Table 1 summarizes the demographic profile of the samples as well as clinical variables for participants. In addition, participants were required to fast for 12 hours prior to sampling to control for the transient effects of different foods and beverages on the oral microbiome. The careful selection described here provides some measure of control, as far as possible in a crosssectional human sample, for socio-demographic and other effects on the oral microbiome.
Experimental GI stressor
After an initial screening visit that included medical history, physical exam and laboratory evaluation, participants who met inclusion criteria were invited back for a second visit. During the second visit, participants (including controls) described their visceral pain intensity, sensation and location using the Gastrointestinal Pain Pointer (GIPP), an electronic self-report interface, 74 before and after ingestion of a 100 ml intestinal permeability test solution (sucrose -10 g/dl, lactulose -5 g/dl, mannitol -1 g/dl, and sucralose -0.1 g/dl) formulated by the NIH pharmacy. 75 We administered the test solution to induce a visceral pain response, termed induced visceral pain (IVP). Participants reported the intensity of their pain using a virtual dial on an app-like electronic interface, the GIPP, on a 0-100 point scale to which they are blinded. For more information on the GIPP and its validation please refer to Henderson et al. 2015 . IVP was measured at 30 minutes prior to ingesting the solution, at the time of ingestion, and at 15, 30, 45, 60, 90, 120, 180, 240, and 300 minute intervals post ingestion. The maximum IVP scores recorded were used for downstream analyses.
Microbiome profiling
Buccal swabs were collected using a Cytobrush® (CooperSurgical, Berlin Germany). Buccal cells and mucus were mechanically separated in phosphate buffered saline, pelleted and stored at ¡80 o C until extraction. DNA was purified from the cells using BiOstic®Bacteremia DNA Isolation Kits (MO-BIO Laboratories, Carlsbad, CA). The manufacturer's instructions were followed without modification.
16S rRNA amplification
The extracted DNA was shipped to SecondGenome for amplification, purification, hybridization, and microarray analysis. SecondGenome processed the samples in a "Good Laboratory Practices" compliant laboratory. Bacterial 16S rRNA was amplified by polymerase chain reaction (PCR) using the 27F.1 (5'-AGRGTTTGATCMTGGCTCAG-3') forward primer and 1492R.jgi (5'-GGTTACCTTGTTACGACTT-3') reverse primer. 76 Thirty-5 cycles of PCR amplification were performed. The amplified PCR product of each sample was purified using a solid-phase reversible immobilization method. The purified PCR products were quantified using an Agilent 2100 Bioanalyszer®. Thirty-nine samples amplified to specification and were moved forward to hybridization. Bacterial 16S rRNA gene amplicons were fragmented, biotin labeled, and hybridized to the PhyloChip TM Array, version G3. PhyloChip arrays were washed, stained, and scanned using a GeneArray® scanner (Affymetrix). Each scan was captured using standard Affymetrix software (GeneChip® Microarray Analysis Suite). The scan for one sample did not pass required QC specifications and was excluded from data analysis. Data for 38 samples were moved forward to data analysis.
Data processing and analysis
Data processing was completed by SecondGenome Inc. In short; fluorescent intensity was calculated and hybridization scores (HybScore) were derived. Hybridization scores represent the abundance of a given operational taxonomic unit (OTU), the lowest taxonomic unit used in analyses. Abundance was calculated for each successively higher taxonomic classification by summing the HybScores for all OTUs belong to the given higher order taxonomic units. A binary metric for each OTU was computed to determine whether it was considered present or absent in a sample. An OTU was considered present if the positive fraction of a probe for an OTU was greater than or equal to 0.8. The top 10 richest taxa at each taxonomic level were used to compare the differential contribution of each taxon to overall richness between weight and IBS groups (Welch test and ANOVA and Tukey's HSD) and to explore the relationship of variation in the richness of each taxon to IVP scores (Pearson's correlation). The parametric Welch test was employed to compare categories (IBS and Weight) using the abundance data. Pearson's correlation (p < 0.05) was used to examine the relationship between microbial abundance and IVP scores. Untransformed HybScores were used in correlation analysis. The presence and absence of IVP generally reflected the IBS and HC categories respectively (pain D IBS, no pain D HC). Correlation analysis, therefore, largely reflected categorical comparisons. In order to circumvent the bimodal effect of such data on correlations, only data from participants who reported IVP in response to the GI test solution were used. Sample number 25 was excluded from these analyses as an extreme outlier.
The Benjamini-Hochberg procedure was used to control for false discovery rates (FDR). All abundance and presence -absence (relative abundance) profiles were compared in a pair-wise fashion to determine a dissimilarity score (UniFrac distance= based on richness data, Weighted UniFrac D based on abundance data) from which a distance dissimilarity matrix was constructed. 77 Principal Coordinate Analysis (PCoA) was used to explore the relationship of individual samples to each other in 2 dimensional space using the UniFract and Weighted UniFrac distance matrices. The ADONIS test was used to test for categorical distance in the differences matrices.
Analysis of IVP data was done using non-parametric Mann-Whitney U (MWU) and Kruskal-Wallis ANOVA (KW). Statistical analyses were conducted using R 3.2.2 and STATISTCA 12 (Dell TM ) statistical packages. Data analysis was performed in collaboration with SecondGenome's data analysis service.
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